The aims of this study were to expose dominant ovarian follicles at the end of the oestrous cycle to low progesterone concentrations similar to those that occur during stress, and to examine the effect of a subsequent small increase in progesterone 10 days later. Half a progesterone releasing intravaginal device (0.5 PRID) was administered to 13 heifers from day 15 of the oestrous cycle. In group 1 (n = 7), one 0.5 PRID remained in place until day 40 or until each heifer ovulated. In group 2 (n = 6), the first 0.5 PRID was removed on day 28, and replaced immediately with a second 0.5 PRID. Ultrasonography and blood collection (10 ml) were conducted each day for 26 days from day 14 and then on alternate days. The largest follicle that emerged during the first 5 days after insertion of the initial 0.5 PRID remained > 10 mm in diameter for 15.3 Ϯ 1.7 and 11.6 Ϯ 0.4 days in groups 1 and 2, respectively. This period of dominance, during which no other follicles emerged, was closely correlated with the duration of plasma oestradiol concentrations exceeding 10 pg ml -1 . In four heifers from group 1, the persistent follicle ovulated between days 30 and 37 (sub-group 1a; 0.5 PRID expelled). In three heifers from sub-group 1b (0.5 PRID retained), the dominant follicle secreted oestradiol for 17 Ϯ 5 days but remained detectable by ultrasonography for a total of 33 Ϯ 8 days (range 26-52 days). Monitoring continued beyond day 40 in these animals. In group 2, the new 0.5 PRID inserted on day 28 resulted in an increase in plasma progesterone concentration of 0.9 Ϯ 0.3 ng ml -1 . Simultaneously, oestradiol decreased by 10.1 Ϯ 3.3 pg ml -1 , and a new follicular wave emerged 5-7 days later. In conclusion, exposure to very low concentrations of progesterone produced persistent follicles that secreted oestradiol for 17 days. This oestradiol production could be disrupted by a second increase of 0.9 ng ml -1 in peripheral progesterone concentration. In the absence of the second progesterone treatment, some of the persistent follicles remained detectable by ultrasonography for up to 52 days, despite cessation of oestradiol secretion.
follicular wave during days 1-6 of the oestrous cycle (Adams et al., 1992; Savio et al., 1993; Burke et al., 1994; Duchens et al., 1994) . This population of follicles is exposed to a very different progesterone background compared with those follicles emerging during the end of the luteal phase.
The aim of the present study was to expose normal follicles at the end of the oestrous cycle to low progesterone concentrations similar to those that occur during stress to investigate the influence of progesterone alone (rather than in combination with increases in ACTH and cortisol). The additive effect of another subsequent small increase in progesterone was also examined after the progesteroneinduced persistent follicle had been present for 10 days.
Materials and Methods

Animals and experimental design
Thirteen beef crossbred heifers 1-2 years old were kept in loose housing and were fed each day with grass silage ad libitum and 0.25 kg barley. Each day, the heifers were tied loosely for reproductive ultrasound examination and then restrained in a crush for jugular venepuncture. Oestrous behaviour was monitored for 20 min, three times each day. All heifers had histories of normal oestrous cycles and before the experiment oestrus was synchronized by two i.m. injections of 500 µg cloprostenol (2 ml Estrumate, ScheringPlough, Uxbridge), administered 10 days apart. The day of synchronized oestrus was designated as day 0. Reproductive ultrasound examination and jugular venepuncture were conducted throughout a control oestrous cycle (controls) and during the subsequent oestrous cycle the heifers were assigned randomly to one of two treatment groups (groups 1 and 2).
Heifers in groups 1 and 2 were treated with half a progesterone releasing intravaginal device (0.5 PRID; 0.78 g progesterone with oestradiol benzoate capsule removed, Sanofi, Watford). In group 1 (n = 7), the 0.5 PRID inserted on day 15 was to remain in place until each heifer ovulated or until day 40. In group 2 (n = 6), the 0.5 PRID was inserted intravaginally on day 15 and removed on day 28, but was immediately replaced with a new 0.5 PRID that had been soaked in water overnight. The second 0.5 PRID for group 2 remained in place until day 40 or until each heifer ovulated.
Reproductive ultrasound examination and jugular venepuncture were conducted each day from day 15 until ovulation for each heifer in groups 1 and 2. Each heifer was examined 7-10 days after ovulation to confirm the presence of a corpus luteum on the ovary ipsilateral to the assumed ovulation. Daily examinations ceased on day 40 (the planned final day of the experiment), but several animals that had not ovulated were examined at 2-3 day intervals until day 61. On day 61, the remaining 0.5 PRIDs were removed and a final examination was performed on day 70.
All procedures were conducted as licensed under UK Home Office regulations for experiments on living animals.
Ultrasonography
Ultrasound examination was performed using an ultrasound scanner (Aloka, BCF Technology, Livingstone) equipped with a 7.5 MHz rectal transducer (Aloka, UST 55111, Tokyo). Each ovary was scanned in at least two planes and every follicle with an internal diameter у 5 mm was identified. After freezing the image on the screen, the maximum internal diameter of each follicle was measured using the in-built electronic callipers. Each day, ovarian diagrams depicting the relative location of follicles у 5 mm were made to determine patterns of growth and regression of individual follicles. New dominant follicles were recorded separately for each ovary to examine the intraovarian influence of dominant follicles.
Definitions
In all groups, the duration of the oestrous cycle was defined as the days between two successive ovulations or periods of oestrus (day 0). The day of ovulation was assumed when a follicle > 10 mm was observed for at least 2 days, but subsequently was not detected. At the end of the experiment when the frequency of ultrasound examinations decreased, ovulation was assumed to have occurred 4 days before an increase in peripheral progesterone concentration. Structural presence was defined as the time between the first and last appearance of a follicle with an internal diameter у 5 mm. Dominant phase defines the interval between the first day a follicle was 2 mm greater than the other follicles in the same wave and either the day preceding ovulation or the day of appearance of new follicles у 5 mm. The growing phase began on the day the follicle reached у 5 mm and ended on the first day of the static phase. The beginning of the static phase was defined as the first day a follicle did not increase more than 1 mm in diameter in a subsequent 2 day period. The end of the static phase coincided with ovulation or the start of follicle regression. Growth rates were calculated by linear regression of follicle diameters throughout the growing phase.
Blood samples and hormone measurement
Blood samples were collected from the jugular vein after each ultrasound examination. Blood (10 ml) was collected into evacuated tubes (Vacutainers; Becton-Dickinson, Meylan-Cedex) that contained 143 iu units lithium heparin as anticoagulant. Within 1 h, the samples were centrifuged at 1000 g for 30 min at room temperature. Plasma was separated and stored at -20°C until hormone analysis.
Previously characterized radioimmunoassays were used to measure plasma concentrations of cortisol and progesterone (Dobson et al., 1999b) , FSH (Dobson, 1978) , oestradiol (Beard et al., 1994) and LH (Alam and Dobson, 1986) . The FSH assay was modified to use antiserum AFP C5288113 (1:16 000) and 10 000 c.p.m. labelled FSH (AFP 5679C RP-1). The standard used for the FSH assay was AFP 5679C RP-1 and NIDDK bLH B8 was used for the LH assay. For samples in the range of those in the current study, intra-and interassay coefficients of variation for all assays were < 13%. All samples from individual animals were measured in the same assay for each of the hormones.
Statistical analysis
Rates of growth of dominant follicles in control and treated animals were calculated by regression analysis. The linear regression lines were examined for parallelism using Student's t test. The size of the follicle and hormone concentrations were log 10 transformed and were analysed using repeated measures ANOVA; data were partitioned on the basis of time and follicle status (control or persistent). Similarly, durations of follicle presence, oestradiol production and hormone concentrations on specific days were compared using Students t test after log 10 transformation. P < 0.05 was regarded as significant. All statistical analyses were conducted using Statsview for Apple Macintosh.
Results
In group 1, the 0.5 PRID was expelled by three heifers as revealed by examination on the day after loss of the device. The 0.5 PRIDs were not replaced. After the start of treatment, a dominant follicle emerged, persisted and then ovulated in these three heifers. These heifers formed sub-group 1a together with another heifer that retained the 0.5 PRID and ovulated the persistent follicle. In three other animals, the persistent follicle did not ovulate although the 0.5 PRID was retained, and these animals formed sub-group 1b. In group 2, the second 0.5 PRID remained in the vagina in all animals until removal after each heifer had ovulated, or until day 61.
Effect of treatment on the duration of the oestrous cycle and follicular dynamics
The presence of 0.5 PRID prevented return to oestrus at the normal time, and significantly increased the duration of the oestrous cycle in groups 1 and 2 compared with control oestrous cycles (35.7 Ϯ 2.7 and 56.2 Ϯ 1.2 versus 21.3 Ϯ 0.6 days, respectively; P < 0.001). Oestrous behaviour was observed in 13 of 13 control heifers, 0 of 7 group 1 heifers (despite ovulation in four heifers between days 30 and 45) and 0 of 6 group 2 heifers (despite ovulation in all heifers between days 52 and 57).
A dominant follicle emerged from a new wave of follicular growth in all animals from day 15. This dominant follicle ovulated in 13 of 13 control heifers, 4 of 7 heifers in group 1, and 0 of 6 heifers in group 2 (follicles that did ovulate emerged after the PRID was changed).
The growing phases and growth rates of the dominant follicles were similar in all groups; however, the duration of the static phase in treatment groups 1 and 2 was more than ten times greater than in controls (Table 1 ). The duration of the dominant phase was greater compared with controls, and was 5.8 days greater in sub-group 1a than in sub-group 1b (Table 1) . In group 2, the dominant phase was similarly extended but was curtailed by the emergence of a new wave of follicles 5-7 days after the 0.5 PRID was changed.
In both groups 1 and 2, persistent follicles grew larger than in controls, and were present four times longer (Table 1) . In sub-group 1b, the dominant follicle persisted for a longer period of time than recorded, because in two of three animals the dominant follicle was still present on the ovary at the end of the experiment. The dominant follicle of sub-group 1b was present for at least 18 days more than in sub-group 1a and for at least 8 days more than in group 2.
Another dominant follicle emerged in those heifers that did not ovulate at about day 30. The duration of the growing phase, growth rates and maximum size of follicles were (n = 7) (n = 4) (n = 3) (n = 5) (n = 7)
Growing phase ( Values are given as mean Ϯ SE. Group 1 is subdivided into sub-group 1a (prematurely ovulated) and sub-group 1b (anovulatory). PRID: progesterone releasing intravaginal device. abcde Values without a superscript in common within the same row differ significantly (P < 0.05).
similar for all dominant follicles (Table 1) ; however, the duration of the static phase of the second dominant follicle was shorter than that for first dominant follicle, at a time when progesterone concentrations were lower. Either ovary had equal chance to develop the first dominant follicle (left:right, 7:5). Excluding those animals that ovulated, there was also an unbiased emergence of the subsequent dominant follicle relative to the ovary bearing the persistent follicle (ipsilateral:contralateral, 5:3), and similarly there was no influence on the ovary to bear the next follicle that eventually ovulated (ipsilateral:contralateral, 5:3).
Hormone profiles
For all groups, the mean luteal progesterone concentrations for non-ovulating animals decreased from day 17 to day 22, at which time values were higher in groups 1 and 2 (0.5 PRID-treated heifers) than in controls (P < 0.01). From day 22 to day 28, progesterone concentrations were similar for groups 1 and 2, but greater (P < 0.05) than concentrations at the time of ovulation in the controls. Furthermore, the progesterone concentration was 0.37 Ϯ 0.15 ng ml -1 when the persistent follicle ovulated in sub-group 1a heifers, but was higher (1.36 Ϯ 0.17 ng ml -1 ; P < 0.05) at a similar time and follicle size in animals with persistent follicles that did not ovulate. In the latter animals, progesterone values were 0.63 Ϯ 0.10 ng ml -1 when oestradiol production by persistent follicles began to decline belatedly. In group 2 heifers, an increase in progesterone concentration of 0.9 Ϯ 0.3 ng ml -1 occurred between days 28 and 29 when the 0.5 PRID was changed (Fig. 1a) .
In control cows, plasma oestradiol concentrations were high for 4 days until the day of oestrus, day 21 (Fig. 1b) . In contrast, oestradiol concentrations remained > 10 pg ml -1 for 14 Ϯ 3.2 days in the ovulating heifers of sub-group 1a, for 17 Ϯ 5 days in the presence of the non-ovulatory persistent follicles of sub-group 1b, and for 12 Ϯ 1.1 days until the PRID was changed in group 2. In all heifers, the duration of the dominant phase was highly correlated (r = 0.93, P < 0.001) with the time that plasma oestradiol concentrations exceeded 10 pg ml -1 . However, in non-ovulating heifers of sub-group 1b, oestradiol concentrations were high for only half the time the persistent follicle was detectable by ultrasonography (17 Ϯ 5 versus 33 Ϯ 8 days; P < 0.05). The maximum mean oestradiol concentrations were similar in heifers with either ovulatory or persistent follicles (Fig. 1b) .
In the treated groups, mean plasma FSH concentrations were similar to the controls from day 17 to day 28 (Fig. 1c) . On day 29, the day after the 0.5 PRID was replaced, there was an increase in plasma FSH concentrations in group 2, but not in group 1. In all heifers there was an increase in FSH concentrations 2 days before the growth of each wave of follicles (Fig. 1c) .
The growth of follicles in one heifer in sub-group 1b (Heifer 669) was associated with a very high concentration of oestradiol (30-40 pg ml -1 ) (Fig. 2) . This heifer did not ovulate between day 46 and day 66 despite minimum progesterone concentrations (< 0.5 ng ml -1 ).
Discussion
The present study is the first to show that low concentrations of progesterone, equivalent to stress-induced concentrations, cause persistent dominant follicles with characteristics similar to those that occur spontaneously (Savio et al., 1990) . These spontaneous dominant follicles secreted oestradiol for approximately 20 days but remained detectable by ultrasonography for 40-65 days. In heifers that retained a 0.5 PRID for up to 45 days, the persistent dominant follicles were associated with increased oestradiol concentrations for 18 days but were detectable by ultrasonography for up to 52 days. These characteristics are typical of persistent follicles produced by ACTH treatment or administration of high doses of progesterone and oestradiol Ward et al., 2000) . This finding indicates a common outcome 364 K. M. Noble et al. despite the different causes. Persistent follicles induced in the present study were maintained at progesterone concentrations that were high enough to block the LH surge; ACTH-induced persistent follicles produced insufficient oestradiol to cause an LH surge, whereas treatment with high doses of steroids produced prolonged increases of oestradiol that inhibited the generation of an LH surge (Ozturk et al., 1998) . Further work is required to determine whether spontaneously occurring persistent follicles share any of these aetiologies. Moreover, it remains to be established whether persistent follicles will occur after stress-induced activation of the hypothalamus-pituitary-adrenal axis in cattle. The present study shows that oestradiol production by a persistent dominant follicle is very susceptible to small increases in progesterone concentration (an increase of 0.9 ng ml -1 ), presumably as a result of small changes in LH pulse frequency. When plasma progesterone is supra-basal (1-2 ng ml -1 ), LH pulse frequency is high, leading to the initial development of persistent oestrogenic follicles (Stock and Fortune, 1993) . Increased progesterone concentrations lead to lower LH pulse frequencies and dominant follicle atresia (Fortune, 1994) . However, in the absence of increased progesterone, there may be an upper limit of approximately 20 days on the time that a follicle can continue to secrete oestradiol and, therefore, remain dominant. The reason for the onset of atresia remains unknown.
It is pertinent to consider why the persistent follicle ovulated in some heifers but not in others. Peripheral FSH, oestradiol and progesterone concentrations were similar at follicle emergence for both types of animals, in which the persistent follicle ovulated and those in which it did not, and oestradiol concentrations were the same at the equivalent time of ovulation. For heifers from sub-group 1a, in which the persistent follicle ovulated, it is probable that the low progesterone milieu permitted an LH surge, whereas higher progesterone concentrations (0.4 versus 1.4 ng ml -1 ) inhibited the LH surge but permitted continuation of high frequency LH pulses. Indeed, there have been suggestions that basal LH concentrations are higher in animals with persistent follicles (Garverick, 1997) , and LH binding is greater in persistent follicles (Kawate et al., 1990) . Whether these are the causes or the effects remains to be established.
In the present study, the duration of the dominant phase was closely correlated with the time that plasma oestradiol concentration was > 10 pg ml -1 , which supports the concept of a functionally dominant period. Loss of dominance occurred when the dominant follicle ceased oestradiol production (with or without ovulation), and plasma FSH concentration increased, resulting in the emergence of a new wave of follicles 5-7 days later. Confirmation of the presence or absence of medium-sized (5-9 mm) follicles will be useful in veterinary clinical diagnosis to predict the endocrine status of large persistent follicles and will, therefore, aid selection of the most appropriate treatment (reviewed by Nanda et al., 1989) .
The structural development of persistent follicles has received little attention to date. In the present study, there was no difference between the duration of the growing phase and the growth rate of the dominant follicle between control and persistent follicles, with or without subsequent ovulation. Persistence was due to an extended static phase during which the follicle gradually reached a greater maximum size compared with dominant follicles in control oestrous cycles. Knopf et al. (1989) suggested that the dominant follicle of the first follicular wave in the oestrous cycle grew at a faster rate than that of the second follicular wave due to lower plasma progesterone concentrations. However, the present study is in agreement with Sirois and Fortune (1990) and Savio et al. (1990) who suggested that there was no difference in the growth rate of follicles despite the different plasma progesterone concentrations during growth. At the other end of the follicle life-span, it is unclear why persistent follicles were present for such a long period of time, especially in the absence of oestradiol secretion. No evidence could be found to support the hypothesis that persistent follicles (oestrogenic or not) influence subsequent follicular growth in the same ovary.
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